the KCl-NaCl-NaF-K2NaVF6
electrolyte.
The anode current efficiency was found to be strongly dependent on the vanadium content of the crude vanadium. It was also found that the oxygen and carbon in the crude vanadium remain in the anode residue as VO, V2O3, VC, and free carbon.
(Received January 19, 1978) vailable ductile vanadium is produced by the processes (2) and (5) . The present authors consider that the process (4), which has been developed by Lei and his coworkers, would become economically more attractive if improvements could be made on the electrolyte and the anode material. Lei and his coworkers used several different molten salts containing VCl2 as electrolytes. These electrolytes were prepared by in-situ chlorination of vanadium metal in the molten salts. The preparation of VCl2 alone is remarkably complex and in addition this compound is too hygroscopic to handle in the air. On the other hand, as described in the previous papers (20) (21) , VF3 and K3VF6 can be prepared by relatively simple methods, and are stable in the air. Therefore, the use of VF3 or K3VF6 as a constituent of the electrolyte is supposed to be advantageous over that of VCl2. This work was undertaken to examine whether or not molten salt containing VF3 or K3VF6 could be used as an electrolyte, and the following points were investigated: (1) the influence of the vanadium contents of anode materials and the electrolytic conditions upon the extraction efficiency and the anode current efficiency and (2) the behavior of the carbon and oxygen in the anode materials during the process of the electroextraction of vanadium.
II. Experimental Procedure
Anode materials
The chemical compositions, porosities, and methods of preparation of the anode materials used in this investigation are listed in Table 1 . The V2O3 used was prepared by the hydrogen reduction of V2O5 of a guaranteed reagent grade. The acetylene black used was the product of the Ibigawa Denki Co. The coal tar pitch used was a medium pitch of Osaka Gas Co. and its characteristics are listed in Table 2 . The starting materials listed in Table 1 were sufficiently blended with xylene in a porcelain mortar under an infrared lamp. After the xylene was thoroughly evaporated, these mixtures, except for the mixtures of V2O3 and acetylene black, were preheated at approxi- Table 1 Chemical compositions, porosities, and preparation methods of the anode materials.
AB: Acetylene black, CTP: coal tar pitch. Table 2 Characteristics of the coal-tar pitch used.
The products thus obtained were crushed into chips of 4-5mm diameter and used as anode materials. The anode materials Nos. 8, 9 and 10 were prepared by melting vanadium metal (99.8 wt%) and graphite, vanadium metal and V2O3, and carbothermically prepared products, respectively, and were beads of approximately 4-5mm diameter.
Electrolytes
Previously we measured the freezing points of the KCl-VF3, NaCl-VF3, KCl-NaCl (equimolar)-VF3, KCl-KF-K3VF6, NaCl-NaFNa3VF6, KF-NaF-K2NaVF6, and KClNaCl-K2NaVF6 Systems (22) (23) . The freezing points of the KCl-NaCl-NaF-K2NaVF6 system are now under study. On the basis of the data for these freezing points, the following four molten salts which have low freezing points were adopted as electrolytes.
The figures in the parentheses indicate the mole percents of the components. The potassium chloride and the sodium chloride used were of guaranteed reagent grade, and the potassium fluoride and the sodium fluoride used were of a special reagent grade. The vanadium fluoride (III) and the potassium hexafluorovanadate (III) were prepared by the methods previously reported(20)(21).
Electrolytic cell
The electrolytic cell used in the present investigation is illustrated schematically in Fig. 1 . The graphite crucible served as the electrolyte container and also as the cathode. Anode materials were charged into the anode basket (graphite tube) having 120 holes of 2mm where x and y are the vanadium content (wt%) of an anode material and that of the anode residue, respectively. The anode current efficiencies were calculated in accordance with the following equation, on the assumption that vanadium atoms dissolved in the form of trivalent ions:
where W is the weight(g) of a starting anode material, and Q is the quantity of electricity passed through the cell.
Porosity
The apparent porosities of the anode materials were calculated in accordance with the following equation:
where m is the weight of a dry anode material, W1 is the weight of a pycnometer filled up with water, W2 is the weight of the pycnometer which contains the anode material boiled in water and is filled up with water, and W3 is the weight of the anode material which was boiled in water, cooled, and wiped by a filter paper in order to remove the water adhering on the surface.
X-ray analyses
The X-ray diffraction patterns of the anode materials and the anode residues were taken by use of an X-ray diffractometer, Rigaku radiation. X-ray fluorescence analyses were carried out by use of an X-ray fluorescence spectrometer, Rigaku Denki, Model KG-X with a Mo X-ray tube.
III.
Results and Discussion
Electrolysis
In order to determine the optimum electrolytic conditions for the electroextraction of vanadium from crude vanadium, the electrolysis was carried out in the temperature range of 0.2-1.0 V using the KCl-NaCl-NaF-K2NaVF6 molten salt. The variations of the extraction percentages and the anode current efficiencies with electrolytic time, cell voltage, and bath temperature are shown in Fig. 2, Fig. 3 , and , in the case of more than 60% of the extraction percentages, the anode current efficiency also increased with an increase in cell voltage. Therefore, it was found that the electroextraction at higher cell voltages is advantageous over that at lower ones. The electrolysis for 4 h at 0.8 and 1.0V gave the good results of about 90% in the extraction percentage and about 80% in the anode current efficiency.
Vanadium contents of anode materials
The effect of the vanadium content in the anode material upon the extraction percentage and the anode current efficiency is shown in Fig. 7 . Anode materials Nos. 3, 4, 5, 6, and 7 were prepared at the same time in a vacuum furnace using a carbon crucible partitioned into five parts. Both the extraction percentage and the anode current efficiency increased linearly with an increase in vanadium content, especially the latter was strongly dependent on the vanadium content. Therefore, it is necessary to use anode materials with as high vanadium contents as possible for obtaining high electrolytic efficiency. 
Electrolyte composition
In order to find out the electrolyte composition which gives high electrolytic efficiency, the four kinds of electrolytes were tested. been expected to afford the best extraction percentage and the best current efficiency of the four kinds of electrolytes tested. Indeed, the extraction percentages were the best as it had been expected, however, the current efficiencies were a little worse than those of the KCl-NaCl-NaF-K2NaVF6 electrolyte. This is probably due to the difference in the electrolytic temperature and a consequent difference in the dissolution valence of vanadium ions.
Since the electrolyte of KF-NaF-K2NaVF6 contained a large amount of NaF (33mol%), In addition, this electrolyte requires higher bath other three electrolytes because of its higher melting point. Considering the preparation of the electrolytic bath, the bath temperatures, the waterleaching of the anode residues, the extraction percentages, and the anode current efficiencies, it is concluded that the electrolyte of KClNaCl-NaF-K2NaVF6 is the most suitable of the above four kinds of electrolytes.
Electrolysis of arc-melted anode materials
The anode materials prepared by carbothermic reduction included more or less pores depending on the extent of sintering. In order to examine the effect of the pores on the extraction percentage and the anode current efficiency, the arc-melted anode materials, which have no pores by nature, were submitted to the electrolysis. The results were listed in Table 3 . Both the extraction percentages and the anode current efficiencies of the arc-melted anode materials were much smaller than those of the carbothermic ones having the vanadium contents comparable to those of the arc-melted ones. Photograph 2 shows the appearances of the anode residues and their cross-sectional views. The anode residues were able to be removed from the anode baskets in the same shape as the original anode materials, except the residue (1.0V, 4h) of the V-O anode material which broke in part on water-leach- ing. Every bead of the anode residues consisted of an unextracted metal in the center and a thick dense black or brown slime layer, which was so strongly adherent to the unextracted metal that it does not separate on washing. These thick slime layers, which were composed of C, VC, and V2C in the case of the V-C alloy, and V2O3, VO, and V2O in the case of the V-O alloy as will be described in Sec. 5, are considered to be the reason for the low current efficiencies of the arc-melted materials as compared with those of the carbothermically prepared materials. The fact that the anode residues of the arcmelted materials did not disintegrate during the electrolysis forms a contrast to the fact that the anode residues of the carbothermic anodes disintegrated to form granular or powdery residues. This suggests that the extent of disintegration of the anode residues from the carbothermically produced materials might be alleviated by a decrease in porosity.
The above results indicate that the pores have two opposite effects on the extraction of vanadium: one is a positive effect of increasing both the extraction percentage and the current efficiency, and the other is a negative effect of disintegrating anode residues. Therefore, in order to increase the extraction percentages and the anode current efficiencies and at the same time to retard the disintegration of anode residues, it is necessary to control the porosities of anode materials.
Behavior of C and O in anode materials
It is very important for the production of pure vanadium by electrorefining to know the behavior of the carbon and the oxygen in anode materials during the extraction. For this purpose, the anode residues were analyzed by an X-ray powder diffraction method. Table 4 shows the results for the slime which was scraped away from the anode residues of the arc-melted binary V-C and V-O anodes. The Table 4 The compounds in the anode slime from the arc-melted V-C and V-O anodes.
results of the X-ray diffraction analysis for the slime from the anode residues of the V-C material indicate that the V-C anode had the successive phases of V(C), V2C, and VC from its center toward its surface as a result of the extraction of vanadium. On the other hand, the chemical analysis revealed that the slime had a composition of VC1 .6, therefore, it was proved that the slime was composed of C, VC, and V2C. Thus, the extraction process is conDiffraction analysis for the slime from the anode residues of the V-O material (V4O) shows that the slime had the successive phases of V2O, VO, and V2O3 from the center toward the surface. Thus, the extraction process is V2O3. and an X-ray fluorescence method were ap-plied to the analysis of the substances which had evaporated from the KCl-NaCl-NaFK2NaVF6 (44-44-7-5) electrolyte and condensed at the cooled part of the electrolytic assembly. The X-ray diffraction analysis proved the presence of KCl, NaCl, and NaF while the X-ray fluorescence analysis revealed the presence of 0.05 wt% vanadium along with iron, nickel, chromium, and copper. Therefore, the evaporation of some vanadium compounds from the electrolyte was found to be very small as compared with that of KCl, NaCl, and NaF.
IV. Summary
The results obtained are summarized as follows:
(1) The KCl-NaCl-NaF-K2NaVF6 (44-44-7-5) molten salt is more suitable as an electrolyte for the electroextraction of vanadium than the KCl-NaCl-VF3 (47.5-47.5-5), KCl-NaCl-K2NaVF6 (47.5-47.5-5), and KFNaF-K2NaVF6 (62-33-5) molten salts.
(2) The addition of fluoride ions suppresses the anodic oxidation of V3+ to V4+.
(3) Good anode current efficiencies and extraction yields were obtained under the electrolytic conditions of 0.8-1.0V and 700-ten salt.
(4) The extraction yield and the anode current efficiency increased with an increase of the vanadium content in the crude vanadium, especially the latter was strongly dependent on the vanadium content.
(5) The pores included in the crude vanadium increased the extraction yield and the anode current efficiency.
(6) The oxygen and the carbon in the crude vanadium remained in the anode residue as VO, V2O3, VC, and free carbon.
(7) The evaporation of some vanadium compounds from the KCl-NaCl-NaFK2NaVF6 electrolyte was very small as compared with that of KCl, NaCl, and NaF.
